Abstract: 3-(Aminoalkylamino)-1,2,4-benzotriazine-1,4-dioxide-extended derivatives were synthesized by the structural modification of 3-amino-1,2,4-benzotriazine-1,4-dioxide (tirapazamine, TPZ) that incorporated homologue-alkyl linkers, without or with an extended 3-amino-1,2,4-benzotriazine-1-oxide moiety at the 3-position of the TPZ. According to sequential evaluation of preferentially normoxic and hypoxic cytotoxicities against MCF-7, NCI-H460 and HCT-116, most of the synthesized compounds exhibited hypoxic cytotoxicity greater than or comparable to that of TPZ. Among them, compounds 9a and 9b more powerfully inhibited the proliferation of MCF-7, NCI-H460 and HCT-116 in hypoxia than did TPZ. The representative of 3-(aminoalkylamino)-1,2,4-benzotriazine-1,4-dioxide-extended derivatives, 9a exhibited greater hypoxic cytotoxicity than TPZ, mediated by cell cycle arrest. The induction of DNA damage, the activation of caspase 3/7 and cleaved poly(ADP-ribose) polymerase-related apoptosis, which were detected in HCT-116 cells in both normoxia and hypoxia. In vitro anti-angiogenic assay of co-cultured HUVECs and fibroblasts that were exposed to the selected 7b, 8g, 9a and 9b exhibited 80-90% inhibition of tube formation at 20 μM, whereas TPZ exhibited approximately 50% inhibition of tube formation at 20 μM. At 2 μM, 9a and 9b significantly reduced the areas, lengths, paths and joints of tube formation by 70-80% and 45-50%, respectively. These results reveal that most of synthesized TPZ derivatives in this study exhibited more potent anti-angiogenesis than TPZ.
INTRODUCTION
Bioreductive agents, a novel class of preferential cytotoxins in microenviromental hypoxia for the treatment of cancer, are effective remedies for solid tumors that are resistant to traditional chemotherapy and/or radiotherapy [1, 2] .
In 1972, Sartorelli et al. [3] proposed evidence of the effectiveness of hypoxia-activated prodrugs as selectively bioreductive agents that are provided by cellular enzyme-catalyzed reductive activation to release active oxygen species (cytotoxins) localized inside hypoxic tumor cells, but may revert to ineffectiveness upon the re-oxygenation of cellular surroundings [3] [4] [5] . Tirapazamine (TPZ, 3-amino-1,2,4-benzotriazine-1,4-dioxide) ( Fig. 1) [6] , an aromatic heterocyclic di-N-oxide, was firstly screened for herbicides in 1972 and described by Zeman et al. in 1986 as an originated and representative bioreductive agent such as mitomycin C with highly selective toxicity as a milestone development in cancer therapy [2] .
TPZ, a bioreductive agent, is effectively reduced by cytochrome P450 and/or DT-diaphorase to release active cytotoxins at cellular micro-environmental hypoxia [6] [7] [8] , which not only sequentially induces damage to DNA double-strands that involve an interaction with topoisomerase II, single-strand breakage, and even base-pair breakage, but also considerably promotes the covalent bonding of topoisomerase II to DNA that converts an inert kinetoplast DNA causing it to switch between its catenated and decatenated forms *Address correspondence to these authors at the Graduate Institute of Life Sciences, School and Institute of Pharmacy, National Defense Medical Center, No. 161, Section 6, Mingchuan E. Road, Taipei 11490, Taiwan; Tel: +886-4-7813888#73631 (W. H. Huang); +886-2-87923100#18873 (A. R. Lee); Fax: +886-2-87923169; E-mails: wenhsin1495@gmail.com, wenhsin@ndmctsgh.edu.tw (W. H. Huang); lar@ndmctsgh.edu.tw (A. R. Lee) [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , resulting in cell apoptosis and increasing the effectiveness of chemotherapy and/or radiotherapy [7, 8] .
TPZ, a hypoxia-selective cytotoxin, not only inhibits HIF-1α protein accumulation, especially in cellular deep hypoxia [12, 13] , but also performs anti-angiogenesis in in vitro tests [14] . TPZ is undergoing an updated phase III cancer clinical trial, focusing on its combined use with cisplatin and radiation for treating advanced squamous cell carcinoma of the head and neck [21, 22] .
While tirapazamine with limited effectiveness in anticancer trials has been reported [22] , many investigations have shown that TPZ derivatives bearing extended moieties, such as alkyl or aromatic groups or heterocyclic chromophores at the 3-amino group targeting on DNA strands, have better activity and more hypoxic selectivity than TPZ [12] [13] [14] 23] .
In this work, a series of 3-(aminoalkylamino)-1,2,4-benzotriazine-1,4-dioxide-extended derivatives that bear an alkyl linker with a heterocyclic 1,2,4-benzotriazine-1-oxide chromophore instead of 3-NH 2 , introduced at the 3-position of TPZ, were synthesized in our laboratories. The cytotoxic activities of TPZ derivatives against MCF-7, NCI-H460 and HCT-116 in hypoxia and normoxia, respectively, were examined. After pre-screening of these TPZ derivatives, compounds 9a and 9b in comparison to TPZ for further in vitro biological and mechanism-elucidating investigations (elucidating the cell cycle, reactive oxygen species (ROS), caspase activity, and apoptosis) were assayed by flow cytometry in the HCT-116 cell line. An increasing number of studies have found that TPZ not only inhibits angiogenesis [12, 13] but also functions as a vascular targeting agent in vitro and in vivo in both normoxia and/or hypoxia [24] [25] [26] ; therefore, some TPZ derivatives were also used to process anti-angiogenic assay.
Hydrogen peroxide (30%, 6.2 mL, 60.0 mmol) was added dropwise to a stirring solution of trifluoroacetic anhydride (7.0 mL, 50.0 mmol) in dichloromethane (20.0 mL) at 0 °C and the mixture was stirred in 0 °C for 15 minutes. The solution was added to a solution of the respective trifluoroacetamides 6 (3.3 mmol) and trifluoroacetic acid (1.1 g, 10.0 mmol) in dichloromethane (20.0 mL). The reaction mixture was stirred at room temperature for 2 days and then the mixture cooled to 0 °C was slowly added to a cooled aqueous NH 3 solution. The mixture was extracted with dichloromethane (2 × 100.0 mL). The organic fraction was purified by chromatography to give the corresponding red solid compounds 7 (the yields ranged 29 -50%) and counterpart precursor 6 (approx. 20 -40 % recovery). This compound has been synthesized and published in early study [27] This compound has been synthesized and published in early study [27] This compound has been synthesized and published in early study [27] This compound has been synthesized and published in early study [16] 
Synthesis of N
Compound 3 (0.8 g, 4.1 mmol) was added to a solution of the respective compound 8 (4.1 mmol) in methanol (20.0 mL) and triethylamine (0.6 mL) and the mixture was heated at reflux for 10 hrs. The mixture was added to a solution of 20 ml of propanol and triethylamine (5.0 mL). The solvent was evaporated and the residue was purified by hot ethanol to give the corresponding red solid compound 9 (14 -45%). 
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Synthesis of Bis(3-amino-1-oxo-1,2,4-benzotriazinyl)-alkane (10)
Compound 3 (0.36g, 2.0 mmol) was dissolved in ethanol (7.5 mL) then added the respective diaminoalkanes reagent (1 mmol) and TEA (0.28 mL) and then heated to reflux over 6 hrs. The reaction was cooled to room temperature, followed by filtering and washing (30 mL) with water to afford yellow solid compounds 10a and 10b. 3-amino-1-oxido-1,2,4-benzotriazin-3-yl) 
Bis(

Physicochemical Measurements
The hydrophobicity of TPZ and TPZ derivatives 7 and 8 were determined by HPLC analysis of drug distribution between octanol and aqueous buffer phase at pH 7.4 as previously described [29, 30] .
HPLC Conditions
The chromatographic analysis was performed on a Merck KGaA LiChroCART stainless steel Purospher STAR cartridges-RP-18E (4.6 mm x 150 mm, 5 µm) at a column temperature of 25 °C and flow rate of 0.5 mL/min at isocratic elution, respectively, and monitored at 285 nm, according to the UV absorption of the sample. All compounds were dissolved in DMSO or methanol. The mobile phase was composed of water : acetonitrile (70 : 30) including 0.7% acetic acid.
Cell Culture
Human breast cancer cell line (MCF-7, BCRC 60436), human colon cancer cell line (HCT-116, BCRC 60349) and human nonsmall cell lung cancer cell line (NCI-H460, BCRC 60373) were purchased from Bioresource Collection and Research Center (BCRC), Food Industry Research and Development Institute (FIRDI, Hsinchu City, Taiwan). MCF-7 and HCT-116 cells were cultured in Dulbecco's Modified Eagle's Medium (Gibco, Grand Island, New York, USA) with 10% fetal bovine serum (Gibco, Grand Island, New York, USA), sodium pyruvate (Sigma, St. Louis, Missouri, USA), and 1.5 g/L sodium bicarbonate (Sigma, St. Louis, Missouri, USA) at 37 °C in a humidified atmosphere at 5% CO 2 . NCI-H460 cells were cultured in RPMI 1640 medium with 10% fetal bovine serum (Gibco, Grand Island, New York, USA), sodium pyruvate (Sigma, St. Louis, Missouri, USA), 1.5 g/L sodium bicarbonate (Sigma, St. Louis, Missouri, USA) and 10 mM HEPES (Sigma, St. Louis, Missouri, USA).
Biological Assays
The efficacy of the TPZ derivatives in killing aerobic and hypoxic MCF-7, HCT-116 and NCI-H460 in vitro after drug exposure under different conditions over 24 hours was determined by MTT assay at 545 nm. In general, cells were cultured in 96-well plates (20000 cells / well) in culture medium with normoxic condition (20% O 2 , 5% CO 2 at 37 °C). After 24 hours, compounds spanned at different concentrations were added and treated to cell cultures for another 24 hours in normoxic condition. In hypoxic cytotoxicity assay, cells were treated serial concentrations and hypoxic condition (3% O 2 at 37 °C). After 6 hours, the tested cell cultures were moved to normoxic condition and culturing was continuing for another 18 hours. Survival cells were determined as concentration-dependent to inhibit cell proliferation to 50% of control (IC 50 ), and the ratio of cytotoxicity between hypoxia and normoxia for TPZ derivatives was calculated as the hypoxic cytotoxicity ratio [HCR; IC 50 (normoxia)/IC 50 (hypoxia)]. For each experiment, TPZ was included as a positive control.
Cell Cycle Assay by Flow Cytometry
After each compound was exposed to both hypoxia and normoxia, HCT-116 cells were harvested and washed with PBS. Then the cells were centrifuged (350 g, 5 min) and fixed with 75% ethanol at -20 °C for overnight. The fixed cells were centrifuged and supernatant was removed. The cells were re-suspended in 1 ml of PBS containing 100 μg/ml RNase, 1% triton X-100, propidium iodide (20 μg/ml) and incubated at 37 °C in the dark for 30 mins. After incubation, stained cells were analyzed by FACSCalibur flow cytometer (BD Biosciences).
ROS Analysis by Flow Cytometry
The ROS determination was according to the manufacturer's protocols with a little modification. ROS level was measured by CM-H 2 DCFDA (5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester), an oxidative stress indicator, Invitrogen). HCT-116 cells were treated with/without TPZ and 9a for 24 hours. Cells were stained by CM-H 2 DCFDA for 45 minutes. Cells were collected and ROS levels were detected by FACSCalibur flow cytometer (BD Biosciences).
Fluorescent Inhibitor of Caspase Activity (FLICA) by Flow Cytometry
Level of caspase 3/7 after treatment with compounds was determined by FLICA assay. Experiments were conducted by FAM-FLICA TM kit according to the manufacturer's protocols. Briefly, HCT-116 cells were harvested and washed with PBS after compounds respectively treated in hypoxia or normoxia for 24 hrs. Then the cells were centrifuged (350 g, 5 minutes) and stained by FAM-FLICA TM kit. After staining, the cells were analyzed by flow cytometer (BD Biosciences).
Assay of Level of γ -H2AX and Cleaved PARP by Flow Cytometry
HCT-116 cells were incubated with serial concentrations of TPZ and 9a for 24 hours in normoxia and hypoxia, respectively. After treatment, cells were harvested by centrifuged for 5 minutes at 300 g and fixed by BD Cytofix/Cytoperm fixation/permeabilization solution. After fixation, cells were stained by Alexa Fluor ® 647 conjugated mouse anti-H2AX (pS139) (BD Pharmingen™) and PE conjugated mouse anti-cleaved PARP (BD Pharmingen™) according to the manufacturer's protocols. Briefly, cells were incubated with antibodies for 20 minutes at room temperature and subsequently analyzed by flow cytometry (BD Biosciences).
In vitro Tube Formation Test
Experiments on in vitro tube formation were conducted in quadruplicate in 24-well plates using angiogenesis kit (Kurabo, Japan) according to the manufacturer's protocols. Briefly, HUVECs and fibroblasts were co-cultured in 24-well plates with basal medium or solvent control medium (basal medium containing 0.2% DMSO) or solvent control medium containing TPZ, 7b, 8g, 9a and 9b (2 and 20 μM), respectively. The medium renewal with or without the tested compound in cultures was conducted every 3 days. Co-cultured HUVECs with fibroblasts were performed for a total of 11 days. HUVECs was then stained with anti-CD31 antibody according to the manufacturer's protocols. The tube formation tube area, lengths, and joints were measured quantitatively over 5 different fields for each condition using an image analyzer (Kurabo).
Statistical Analysis
Dose-response relationships were constructed by linear regression of the percent inhibition of parameters derived in the preceding sections against log drug concentrations. Each value was expressed as the mean ± SEM. IC 50 values were calculated from the regression lines. The statistical significance of difference was assessed with one-way analysis of variance (ANOVA) followed by Tukey's post hoc analysis using GraphPad Prism 6 to determine statistical significance as p values of less than 0.05.
RESULTS AND DISCUSSION
Chemistry
The reasonable efficiency of the 3-amino-1,2,4-benzotriazine-1,4-dioxide (tirapazamine, TPZ) synthesis has been previously established [31] . In this work, structural modifications were made using extended-alkyl linkers without or with an extra heterocyclic moiety at 3-NH 2 on the B-ring of TPZ to afford 3-amino-1,2,4-benzotriazine-1,4-dioxide bearing either alkyl linkers only (compounds 7 and 8) or alkyl linkers extended with 3-amino-1,2,4-benzotriazine-1-oxide moiety (compound 9) (Fig. 1) .
During the synthesis of TPZ derivatives, a key intermediate 3, in 75% yield, was generated, as described elsewhere [32] (Scheme 1). Unfortunately, intermediate 3 failed to be converted to compound 11 (3- chloro-1,2,4-benzotriazine-1,4-dioxide) , which is an alternative key precursor in the preparation of TPZ derivatives, and it was superseded by recovering quantitative intermediate 2. Therefore, TPZ derivatives 7, 8 and 9 were synthesized according to Schemes 2 and 3 using a modified version of previously described procedures [10, 33] .
Briefly, dioxide compound 7 were formed with yields of 29 -50 %, along with the corresponding precursor of compound 6 (20 -40% recovery), by the oxidation of 3-amino-1,2,4-benzotriazine-1-oxide that bore alkyl-trifluoroacetamides (compounds 6), using trifluoroperacetic acid (H 2 O 2 /(CF 3 CO) 2 O). Compound 6 were formed in a substitution reaction with intermediate 3 coupled with the corresponding alkyl-trifluoroacetamides (compound 5) that had been previously prepared and purified by chromatography from the corresponding homologue-alkyl diamine with trifluoroacetic anhydride. Compound 6 was also oxidized by mCPBA to yield compounds 7, but the yields were poor. Further de-protection of the trifluoroacetamido group with ammonium hydroxide caused compound 7 to be converted into the counterpart primary amine compound 8 in quantitative (~ 99%) yield.
To obtain a high yield of compound 9, synthetic approaches that can be found in early studies in the field [16, 23] were modified as in Scheme 2. A straightening reaction of compound 8 with an intermediate 3 formed 3-amino-1,2,4-benzotriazine-1,4-dioxide bearing the counterpart alkyl linkers that were extended with an 3-amino-1,2,4-benzotriazine-1-oxide (compound 9), in 14 -45 % yields. Even though chloride 3 was successfully coupled with the alkyl-amino groups of 8a, 8b and 8d, forming the corresponding 9a (35%), 9b (17%) and 9d (14%), respectively, when refluxed in methanol, chloride 3 did not couple with 8e, 8f and 8g in the same manner, and equal volumes of methanol and propanol were used instead of methanol only, the counterpart reaction, to yield the corresponding 9e (37%), 9f (45%) and 9g (15%), respectively.
An alternative synthesis of compound 9, Scheme 3, was carried out, in which diaminoalkanes 4a and 4b reacted with chloride 3 to give the corresponding compounds 10a and 10b in approximately 80% yield; these products were then oxidized with trifluoroperacetic acid (H 2 O 2 /(CF 3 CO) 2 O) under acidic conditions to yield trace amounts (5% yield) of compounds 9a and 9b, along with many unidentified side products. Unfortunately, almost 20-30% of 10a and 10b were recovered.
In this work compound 9, except for 9a and 9b, exhibited poor solubility owing to their relatively longer homologue-alkyl linker with di-heterocyclic benzotriazine, supposed to make subsequent bioassays difficult. 
Biologicals
Differential in vitro Cytotoxicity between Normoxia and Hypoxia
Twenty-one TPZ derivatives, including known compounds such as 7c, 7d, 7e, 8b, 8c, and 8d [16, 27, 28] , were synthesized to evaluate their in vitro cytotoxicity in MCF-7, HCT-116 and NCI-H460 cells between normoxia and hypoxia, by MTT assay ( Table 1) . TPZ was used as a positive control.
Systematically screening synthesized TPZ derivatives for cytotoxicity revealed that all compounds 7 (with IC 50 s of about 29 -46 μM, and potencies that were 1.79 -1.13 times that of TPZ) were more cytotoxic than TPZ (IC 50 = 52 μM) in hypoxia and 7a-7g exhibited considerably less normoxic toxicity in MCF-7 cells. Generally, 7a-7g had more potent hypoxic cytotoxicity than normoxia in both NCI-H460 and HCT-116 (Table 1) . Clearly, of compounds 7, compound 7a exhibited higher hypoxic cytotoxicity than TPZ in MCF-7, NCI-H460 and HCT-116 cells (Table 1) .
Generally, compound 8 were less toxic toward MCF-7, NCI-H460 and HCT-116 cells than compound 7 in both normoxia and hypoxia with the exception that 8a was comparable to compound 7 toward MCF-7 (IC 50 at normoxic 68.0 μM, and hypoxic 33.4 μM), Table 1) .
In MCF-7 cells, most of the TPZ derivatives in this study exhibited moderate hypoxic selectivity (HCR = 1.3 -3), but 7b (HCR = 5.7) and 9a (HCR > 6.0) exhibited greater hypoxic selectivity, comparable to that of TPZ (HCR = 6.3). In NCI-H460, most of the TPZ derivatives exhibited less than significant hypoxic selectivity (1.2 -1.8). However, compound 7b (HCR = 2.6), 9a (HCR = 2.5) and 9b (HCR = 2.1) had greater hypoxic selectivity similar to that of TPZ (HCR = 2.6). In HCT116, most of the TPZ derivatives exhibited modest hypoxic selectivity (HCR = 1.3 -1.9), but 7d (HCR = 2.2), 7f (HCR = 2.1), 7g (HCR = 2.2) and 8g (HCR = 2.2) had a similar hypoxic selectivity to TPZ (HCR = 2.6). Compound 9a (HCR = 3.7) exhibited greater hypoxic selectivity than TPZ.
Compound 7 generally exhibited greater potency than compound 8 (derived from the corresponding compounds 7), suggesting that the trifluoroacetamide moiety, as an electron-withdrawing group at the ultimate position of the 3-alkyl side chain of 3-amino-1,2,4-benzotriazine-1,4-dioxide (TPZ), enhanced hypoxic cytotoxicity toward the three cancer cell lines (NCI-H460, HCT-116, and MCF-7) in this work. Among the synthesized TPZ derivatives, 9a and 9b were most potent under hypoxic conditions for the three cancer cell lines. The extraordinary presence of an extra 1,2,4-benzotriazine-1-oxide chromophore in a basic 3-side chain of compounds 9, including 9a and 9b, enhanced hypoxic cytotoxicity, but unfortunately most of the compound 9 had limited IC 50 s owing to poor solubility, which caused the compound to be precipitated at concentrations of greater than 30 μM.
Log P
To determine whether hydrophobicity/hydrophilicity affects the hypoxic cell cytotoxicity of synthesized TPZ derivatives, the partition coefficients (log P) of compounds 7 and 8 were systematically measured at physiological pH. The distributions of TPZ and TPZ derivatives between octanol and phosphate buffer solution (pH = 7.4) were determined at the corresponding retention time of compounds 7 and 8 by HPLC analysis ( Table 2 and Fig. 2) .
Generally, a longer alkyl side chain in compounds 7 or 8 corresponded to a higher log P value. All of compound 8 (with log P 7.4 < -0.85 to -2.4) had a lower log P than TPZ (-0.4 in this study, -0.32 to -0.34 in pervious report [29] ) and compounds 7 had a log P 7.4 of greater than 0.52 to 2.4. Polar side chains such as either primary alkylamines (compounds 8) or nonpolar trifluoroacetamido-alkyl moieties (compounds 7) at the 3-position of TPZ might have influenced the solubility of those TPZ derivatives in water. This characteristic of compounds 7 and 8 between hydrophobicity and hypoxic cytotoxicity in HCT-116 yielded a general reverse parabolic curve. The optimal hypoxic cytotoxicity of compound 7 was correlated with log P ranged from zero to one and that of compound 8 was correlated with log P from negative unity to zero. Compound 8a was an outlier on the curve. This relationship suggests that optimal lipophilicity/hydrophilicity may be important in the structure-activity of compounds 7 and 8.
Clearly, when the alkylamines (such as compound 8, but not compound 8a) or lipophilic trifluoroacetamidoalkyl moiety (as in compounds 7, but not 7a) that was into the 3-position of 1,2,4-benzotriazine-1,4-dioxide was more hydrophilic, but the cytotoxicity and selectivity were lower. However, the hypoxic cytotoxicity and selectivity of TPZ derivatives such as 9a and 9b increased when a 1,2,4-benzotriazine-1-oxide chromophore, rather than an amine or trifluoroacetamide group was introduced.
The above results are consistent with evidence that extended aromatic or alkyl groups at the 3-position of 1,2,4-benzotriazine-1,4-dioxide increase lipophilicity, hypoxic cytotoxicity and HCR [16, 23, 34] . Although some studies have demonstrated that TPZ passes into cells by passive diffusion in a concentration-dependent manner [15, 32] , this work indicates the optimal lipophilicity of TPZ derivatives compounds 7 and 8 in relation to the corresponding hypoxic cytotoxicity as well.
Mechanism Studies (Cell Cycle, ROS, Caspase Activity, and Apoptosis Assays using Flow Cytometry)
To examine the modes of action of the synthesized TPZ derivatives, the effects of the compounds 9a and 9b on the cell cycle of HCT-116 cells were studied using flow cytometry with propidium iodide (PI) stain. The HCT-116 cells were initially treated with 9a, 9b and TPZ at 15 or 30 μM for 24 hours in normoxia and hypoxia, respectively, and the cell cycle profiles were determined (Table 3 and Fig. 3) .
First, in normoxia, the sub-G1 level of HCT-116 cells that were exposed to the tested compounds (TPZ, 9a and 9b, respectively) at 15 μM, was approximately 2.6%, 2.7% and 2.8% which did not differ significantly from that of the solvent control (~ 3%), whereas in hypoxia, HCT-116 cells following treatment with TPZ, 9a and 9b at 15 μM, respectively, the corresponding sub-G1 level was 7.3%, 13.1% and 4.3 (2.7% on control medium) (data of 9b at 15 μM are not shown in Table 3 and Fig. 3.) . The results displayed that increasing effect on sub-G1 level of HCT-116 cells after treatment with 9a at 30 μM was much greater than TPZ and 9b. Therefore, we focused on 9a at concentrations of 15 and 30 μM and 9b at 30 μM, in comparison to TPZ, for elucidating mechanism studies. The cells that were exposed to 30 μM 9a was slightly higher (3.8%) and for of the cells that were exposed to 30 μM 9a was lower (2.1%) by 9b at 30 μM, respectively. The corresponding G1 phase of HCT-116 cells in normoxia after treatment with TPZ, 9a and 9b, decreased in a concentration-dependent manner. Treatment with 9a at 30 μM yielded a sub-G1 level of 24.3% level whereas treatment with the solvent control yielded a level of 54.3%; treatment with TPZ at 30 μM yielded a level of 35.3% and treatment with 9b at 30 μM yield a level of 35.0%. No test compounds except for TPZ had an obvious effect on the S phase of the HCT-116 cells in normoxia. Interestingly, however, treatment with TPZ caused the accumulation of the HCT-116 cells in the G2/M phase (33.1% at 15 µM and 39.1% at 30 µM vs. 24.0% for the solvent control). Treatment with 9a greatly arrested the G2/M phase (51.0% at 15 µM and 58.3% at 30 µM), whereas treatment with 9b increased the G2/M phase (48.0% at 30 µM).
In hypoxia, the corresponding sub-G1 population after the treatment of HCT-116 cells with 15 µM TPZ or 9a was 7.3% and 13.1%, the values of which should be compared with that following treatment with the solvent control (2.7%). Following treatment of HCT-116 cells in hypoxia with TPZ and TPZ derivatives (9a and 9b) at 30 µM, the levels of the sub-G1 phase that were formed by TPZ, 9a and 9b were 16.5%, 24.3% and 12.2%, respectively. The corresponding G1 phase of the HCT-116 cells in hypoxia after treatment with TPZ, 9a and 9b was about half of that following treatment with the solvent control (60.0%). The tested compounds had no significant effect on the S phase of HCT-116 cells by those tested compounds in hypoxia. TPZ, 9a and 9b induced significantly increased the level of G2/M in HCT-116 cells in hypoxia, as displayed in Fig. 3 and Table 3 . The level of the G2/M phase in the HCT-116 cell cycle was three times higher than solvent control, except following treatment with 9a at 30 µM, which around doubled the level only. The results concerning the cell cycle of HCT-116 following treatment with 9a, 9b or TPZ in normoxia revealed strong G2/M arrest, seemingly in response to loss of microtubule function.
Compound 9a (58.3% G2/M accumulation level at 30 µM) had the strongest effect, but 1,2,4-benzotriazine-1-oxide (1), a key synthetic intermediate structurally related to 9a, to treat HCT-116 cells (data not shown) was invalid. In hypoxia, 9a, 9b and TPZ caused G2/M cell cycle arrest of HCT-116, but interestingly 9a caused less G2/M arrest (16.7% G2/M level at 30 µM) than did TPZ (27.3% at 30 µM). Low concentration (15 µM) of TPZ and 9a more effectively induced for induction G2/M arrest (35.2% and 31.4% respectively) than did high concentration (30 µM), and this difference was especially evident for 9a. In contrast, 9a, 9b and TPZ had the sub-G1 effect on the cell cycle in relation to the induction of apoptosis, of which 9a had the strongest effect (24.3% at 30 µM).
Since TPZ can be metabolized to activated radicals and increase intracellular ROS, inducing DNA damage and apoptosis basically [11, 35, 36] , whether compound 9a induced an increase in ROS in HCT-116 cells, compared to TPZ, was determined by CM-H 2 DCFDA (Invitrogen) using flow cytometry, according to the manufacturer's protocols. As presented in Fig. 4 , TPZ increased ROS by of 1.5-and 2-fold at 15 and 30 µM, relative to that of the control medium in normoxia, but increased ROS by factors of 6 and 10.5 at 15 and 30 µM, respectively, in hypoxia. HCT-116 cells that were exposed to 9a at 15 and 30 µM exhibited 3.4-and 5.8-fold increase of ROS, respectively, in normoxia, but 46-and 60-fold Preferentially Hypoxic Apoptosis and Anti-angiogenic Activity of Tirapazamine Anti-Cancer Agents in Medicinal Chemistry, 2014, Vol. 14, No. 10 1439 Fig. (3) . contd…. increase of ROS in hypoxia. No significant difference of ROS levels between normoxia and hypoxia was observed following treatment with compound 10a (a dimeric 1,2,4-benzotriazine-1-oxide with an ethyl linker as a structurally and biologically comparative control), but the ROS level was 1.3 times that of the control medium. A comparison of the effects on ROS of exposure of HCT-116 cells to 9a and TPZ in normoxia and hypoxia indicated that both 9a and TPZ had dose-dependent effects, and the effect was stronger in hypoxia than in normoxia. Compound 9a induced a higher ROS level than TPZ in both normoxia and hypoxia, but treatment with 10a (as a structurally contrast control) negligibly increased ROS. These results indicated that the 1,2,4-benzotriazine-1,4-dioxide constituent was a structurally essential chromophore of compound 9a, akin to that of TPZ, that causes selectively hypoxic DNA damage by enzymatic one-electron bioreductive activation, which has been described elsewhere [37] [38] [39] .
One study has found that TPZ-induced cell apoptosis is accompanied by the activation of caspase 3/7 [40] , so this investigation elucidated the important role of activated caspase 3/7 in mitochondria-dependent apoptosis [41] as well. The levels of activated caspase 3/7 in HCT-116 following treatment with TPZ, 9a and 9b at 30 µM were evaluated by flow cytometry (shown as Fig.  5 ). In normoxia, TPZ, 9a and 9b at 30 µM had no apparent effect, but in hypoxia, they increased the levels of active caspase 3/7 in HCT-116 to about 41, 55 and 23% increase, respectively, relative to a solvent control (7%). These data suggest that TPZ-and TPZ derivatives-induced hypoxic cytotoxicity may involve mostly cell apoptosis, consistent with the evidence of an increase in the sub-G1 level in HCT-116.
A previous study found that TPZ induces a cellular response to damage to DNA. The expression of γ -H2AX (member X of the H2A histone family) is a biomarker of DNA damage, and the cleaved poly (ADP-ribose) polymerase (PARP) [42] is a biomarker of apoptosis in cancer cells in hypoxia as well [43] . The expression of γ-H2AX in HCT-116 cells in hypoxia after treatment with TPZ or 9a at 30 µM was around 30% of that of the solvent control (only 4%). In normoxia, these treatments had no significant effect (Figs.  6A-B) . As presented in Figs. 6C-D , the cleaved PARP of the cells in hypoxia another apoptosis marker is approximately 10% and 45% after treatment with TPZ and 9a, respectively. No HCT-116 cells (0.1%) in normoxia exhibited both the expressed γ-H2AX and cleaved PARP after the treatment with TPZ or 9a at 30 µM in the solvent control. However, in hypoxia, approximately 11 % of cells expressed the γ -H2AX and cleaved PARP following treatment with 9a at 30 µM, the percentage of which was greater than that (1.9%) following treatment with TPZ at 30 µM (Fig. 6E) . These results reveal that TPZ induced DNA damage and cell apoptosis, consistent with the effects of TPZ on human cervical carcinoma cells [43] , whereas, in hypoxia, 9a-induced HCT-116 cell death by simultaneous DNA damage and PARP-cleaving activity reflected greater DNA damage-and mitochondria-dependent apoptosis than caused by TPZ, consistent with other reports [44] [45] .
In vitro Antangiogenic Activities
The tube formation of co-cultured HUVECs and fibroblasts was used to compare the anti-angiogenic activities of TPZ derivatives with those of TPZ and Suramin (a positive control of the kit) at two tested concentrations (2 and 20 μM).
Co-cultured HUVECs and fibroblasts were exposed to a commercial differentiation medium that contained 0.2 % DMSO, for only 11 days, and exhibited slightly increased tube areas, lengths, and numbers of joints over those in co-cultured cells that were incubated with medium alone (the same medium without DMSO). The selected compounds 7b, 8g, 9a and 9b were compared to TPZ in an anti-angiogenic activity assay and were found to have better selective hypoxic cytotoxicity than the other TPZ derivatives (Fig. 7) .
All of the selected compounds 7b, 8g, 9a and 9b at 20 μM had 80-90% inhibition of tube formation, whereas TPZ inhibited tube formation by 50% at 20 μM. At low concentration (2 μM), 9a and 9b significantly reduced the areas, lengths, paths and joints of tube formation by 70-80% and 45-50%. Other compounds inhibited tube formation to a lesser extent (7b, 10-22%; 8g, 31-40%). These results indicated that TPZ and TPZ derivatives were potent antiangiogenesis agents herein, and that 7b, 8g, 9b and especially 9a exhibited stronger anti-angiogenic activity than TPZ. These results are consistent with previous studies that have shown that TPZ, a heteroaromatic di-N-oxide compound, inhibits angiogenesis in chick embryo chorioallantoic membrane (CAM) assay in normoxia [12, 14] . The details of the mechanism of the antiangiogenic activities of TPZ and TPZ derivatives must still be further investigated.
CONCLUSION
In summary, 3-amino-1,2,4-benzotriazine-1,4-dioxide (tirapazamine, TPZ), a prodrug that is hypoxia-activated to a toxic radical, is an experimental phase III anticancer drug currently. A series of compounds were derived by structural modifications from TPZ (as a lead) in this work and their hypoxic cytotoxicity and selectivity were evaluated. TPZ derivatives, with a 3-amino-1,2,4-benzotriazine-1,4-dioxide core structure that incorporated alkyl linkers without or with the extended hetero moiety, 3-amino-1,2,4-benzotriazine-1-oxide, at the 3-position of TPZ, were synthesized.
According to the preferentially normoxic and hypoxic cytotoxicities against three cell lines, MCF-7, NCI-H460 and HCT-116, most of the synthesized compounds exhibited hypoxic cytotoxicity that was similar to or greater than that of TPZ. Compound 9a exhibited hypoxic activity in the significant caspase 3/7-induced and G2/M arrest-mediated apoptosis, and its antiangiogenic activity was stronger than that of TPZ. Compound 9a was more potent than TPZ compound and should be preferred in detailed bioreductive anticancer studies from the bench to clinical.
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